The ability to record and to control action potential firing in neuronal circuits is critical to understand how the brain functions. The objective of this study is to develop a monolithic integrated circuit (IC) to record action potentials and simultaneously control action potential firing using optogenetics. Methods: A low-noise and high input impedance (or low input capacitance) neural recording amplifier is combined with a high current laser/lightemitting diode (LED) driver in a single IC. Results: The low input capacitance of the amplifier (9.7 pF) was achieved by adding a dedicated unity gain stage optimized for high impedance metal electrodes. The input referred noise of the amplifier is 4.57 µV rm s , which is lower than the estimated thermal noise of the metal electrode. Thus, the action potentials originating from a single neuron can be recorded with a signal-to-noise ratio of at least 6.6. The LED/laser current driver delivers a maximum current of 330 mA, which is adequate for optogenetic control. The functionality of the IC was tested with an anesthetized Mongolian gerbil and auditory stimulated action potentials were recorded from the inferior colliculus. Spontaneous firings of fifth This paper has supplementary downloadable material available at http://ieeexplore.ieee.org.
I. INTRODUCTION

E
LECTROPHYSIOLOGICAL recordings of action potentials in the brain have been one of the most important research tools available for neuroscientists to decipher the function of neuronal circuits [1] - [6] . In addition to recording the naturally occurring neuronal activity and to gain further insights into functions of these circuits, many neuroscientists desire to manipulate neuronal activity experimentally. One such method is the manipulation of neuronal circuits with light (optogenetics) to control complex neuronal functions, including behavior [7] - [12] .
Optogenetics is a biomolecular technique in which deoxyribonucleic acid (DNA) of a light-sensitive ion channel is introduced into neurons of interest. Light-sensitive ion channels are then expressed and transported to the cell membrane by the native protein translation mechanisms of the cell. Once introduced into neurons, these ion channels or ion pumps can then be activated by light, and become permeable to either positive or negative ions, depending on the type of optogenetic protein [9] , [12] , [13] . For example, blue-light (absorption peak at ∼480 nm) sensitive Channelrhodopsin (ChR) selectively allows positively charged ions to enter neurons and thereby stimulate the firing of action potentials. In contrast, the yellow-light (absorption peak at ∼580 nm) sensitive Halorhodopsin (NpHR) is a chloride pump in which negatively charged chloride ions are pumped into neurons, inhibiting the action potential firing. Therefore, by choosing the type of optogenetic protein for transfection and the corresponding wavelength of a light source, action potentials can be selectively excited or inhibited. In addition, cell-type specificity within the neuronal target can be achieved by selection of different promotors, or using genetic approaches such as Cre-Lox recombination [14] , [15] . In comparison, controlling the neuronal activity via electrical stimulation is much more limited, in that action potentials cannot be inhibited, and the electrical stimulation is not cell-type specific [12] , [16] - [18] . Because of these limitations with electrical stimulation, optogenetics has been widely adopted as the technique of choice to control neuronal circuits under various experimental conditions. Optogenetics enables the certain types of studies that used to be extremely difficult if not impossible. This technology also has the potential to be translated into future treatment options for neural disorders in human patients.
In behavioral studies, it is technically challenging to record the electrical activity intracellularly (inside neurons) while the animal is awake or moving. Therefore, for in vivo or behavioral experiments action potentials are generally recorded by placing an electrode outside and very close to the neuron of interest in the extracellular space [6] . The electric current induced in the extracellular space is, however, relatively small, and translates into a voltage recorded by the external electrode typically in the sub-mV range [19] , [20] . In addition, the ability to reject signals originating from neighboring neurons is critical [21] - [27] , especially for recording from densely packed neurons that have somas around 5-15 μm in diameter [26] , [28] , [29] . To isolate the weak signals generated by these cells, small recording surface (several micrometers in diameter) electrodes are often used to limit the range of detection, in contrast to the field potential recording or multineuron recording where the recording surface is significantly larger. Electrodes with exposed tips of approximately 100 μm in diameter were estimated to cover a sphere with a radius of 50-350 μm [30] - [33] . Small tipped electrodes, however, have a very high electrical impedance (several mega ohms). This high electrode impedance in turn acts as a voltage divider with the recording amplifier input impedance, which significantly reduces the signal voltage measurable by the recording amplifier. For this reason, we tailored our amplifier design to achieve a high input impedance, or low input capacitance to optimize use with high impedance electrodes.
Several studies have been published regarding the neural acquisition amplifier designs [19] , [34] - [44] . However, most of these studies were focused on the ability to record from multiple electrodes [35] , [42] - [44] , reduce power consumption [34] , [36] , [37] , [39] - [42] , and improve the noise efficiency factor [19] , [34] , [36] , [37] , [39] , [41] . The role of the amplifier's input impedance, which is one of the important parameters for extracellular recordings, has not received much attention in these designs. Tailoring the input impedances of amplifiers allows for selective measurements of local field potentials, action potentials from multiple neurons or from a single neuron [30] , [45] . In particular, a high impedance electrode with a small recording surface is necessary to record single neuronal activity and designs of neural amplifiers specially tailored for this application are relatively few.
Several studies [46] - [48] have attempted to incorporate optogenetic control, with or without some form of recordings. Pashaie et al. designed a closed-loop optogenetic brain interface based on microfabricated electrocorticography (microECoG) and fluorescence microscopy [46] . Paralikar et al. implemented an implantable 5 mW/channel dual-wavelength optogenetic stimulator, without a neural recording element [47] . Sawadsaringkarn et al. also published a CMOS optoelectronic neural interface based on an image sensor with an on-chip light stimulator [48] . However, the integration of both action potential recording and optogenetic control in a single monolithic integrated circuit (IC) is still lacking.
We developed a monolithic IC that integrates a low-noise neural amplifier for action potential recording and a high current laser/light-emitting diode (LED) driver for simultaneous optogenetic control to help meet the needs of this new and important trend of using optogenetics in neuroscience. In addition, an electrical noise model for the recording amplifier was derived to guide the amplifier design. In the model, noise sources from both the high impedance metal electrode and the optogenetic control process were included. The performance of the IC was tested with anesthetized Mongolian gerbils from which action potentials were recorded from the inferior colliculus in the midbrain. Additionally, we were able to inhibit the spontaneous neural firings of the fifth nerve using optogenetics and an implantable "optrode" that includes a high input impedance electrode and the optical illumination fiber. Our results indicate that an integrated laser/LED controller can deliver a maximum current of 330 mA, which is adequate to effectively drive a laser to inhibit neural activity in the brainstem. The recording amplifier has a low input capacitance of 9.7 pF optimized for the use of high impedance electrodes for single cell extracellular recording. The input referred noise of the amplifier was measured to be 4.57 μVrms and the recorded action potentials had a signal-tonoise ratio (SNR) of at least 6.6. Therefore, we believe that the use of this multifunctional IC system may reduce the complexities of using optogenetics with electrophysiology recording for current and future in vivo and behavioral experiments to test various hypotheses in neuroscience.
II. INTRODUCTION TO OPTOGENETICS
The two families of optogenetic proteins-ChR and NpHRhave distinctly different optical excitation spectra. ChR and NpHR have maximum absorption at ∼470 nm (blue) and ∼580 nm (yellow), respectively [7] , [10] , [49] . This spectral separation of 90 nm allows the two proteins to be separately excited using different wavelengths of light even when the two proteins are cotransfected in the same cell. In in vivo or behavioral experiments, light is typically delivered to neuronal targets through optical fibers [7] . The excitation light sources can either be a laser or an LED, provided that the optical power at the fiber output is high enough to activate the optogenetic proteins (optical coherence is not important in the application). The typical optical power density required to excite ChR and NpHR is ∼10 and ∼50 mW/mm 2 , respectively [10] , [50] . The brain, however, has high optical scattering that significantly reduces the amount of optical power available for optogenetic excitation. Our previous study of optical scattering in brain tissue has characterized the effective scattering coefficients in various brain regions [51] . Optical power required at the fiber tip can be accurately estimated using an iPhone or an Android App based on our measured data [51] , [52] . For instance, 100 mW of optical Fig. 1 . Equivalent noise model of an electrophysiological recording amplifier optimized for using a high impedance metal electrode with small exposed tip. The noise model also includes additional noise sources, which are associated with high current drivers used for optogenetic control. The dotted line surrounds the equivalent components of the metal electrode. V s : extracellular action potentials of the measured neuron; V 2 nt : noise generated from the surrounding neurons; V 2 op : small photoelectric current generated voltage during optical illumination of the metal electrode; E j : dc half-cell potential; R e : leakage resistance of the electric double layer of the metal-electrolyte junction; C e : equivalent capacitor for the electric double layer; V 2 R e : thermal noise of R e ; C w : insulating capacitor of the metal electrode; V 2 p : power-line interference; Z p : equivalent insulating resistor between the power line and the amplifier; Z in : input impedance of the amplifier; V 2 A : intrinsic noise of the amplifier; V 2 E L : fluctuation noise during optogenetic current surge.
power can effectively inhibit ∼800 μm depth of brainstem using NpHR under ideal conditions. Therefore, the current drivers capable of delivering hundreds of milliamperes of electric current are necessary to drive the laser or LED sources to produce adequate optical power for successful optogenetic control. The temporal requirements of the current drivers are comparatively simple. Action potentials typically have a pulse duration of a few milliseconds with a rise time of several tenths of a millisecond. For optical stimulation using ChR, optical pulses with a repetition frequency from several to hundreds of hertz are often used. In contrast, optical inhibition with NpHR requires a constant illumination to inhibit the stochastic action potential firing [12] . Fig. 1 represents the noise model used to analyze the interference of the neural amplifier during which a metal electrode was used to measure action potentials extracellularly and coupled with a high current driver for optical illumination necessary for optogenetics. This model was expanded from our previous model in which a glass electrode was used and without noise generated from optogenetic manipulation [45] .
III. NOISE MODEL ANALYSIS
In the noise model, the tip of the metal electrode is described by four equivalent components: 1) the dc half-cell potential Ej, 2) the electric double layer capacitor Ce, 3) the metal-electrolyte interface leakage resistor Re, and 4) the insulating capacitor Cw. Ej is the voltage potential difference between the two metalelectrolyte junctions of the metal electrode and of the reference electrode [53] , [54] . Re is the leakage resistance for charge carriers migrating across the electric double layer, and Ce is the equivalent capacitor for the same electric double layer [6] , [53] , [55] , [56] . Generally, it was determined that both Re and Ce weakly depend on the applied signal frequency f , with a relation of (2πf ) −1/2 . Re also weakly varies against the amplitude of the measured neural voltage Vs [6] , [55] . For simplicity, these two small effects were neglected in our discussion. The value of Re is also inversely proportional to the surface area of the exposed metal tip [6] , [55] . As mentioned in Section I, many neuroscience experiments use metal electrodes with small exposed tips to minimize the detection range of the electrode to the nearest neuron. The small tip results in a relatively large leakage resistance (Re ∼ 2-3 MΩ) [6] . In addition, for high impedance electrodes, Ce can be approximated to be ∼50 pF [6] . The insulation layer covering the metal electrode also forms another capacitor [6] , [53] , [55] , [56] . The insulating capacitance Cw is linearly proportional to the immersion depth of the electrode and is typically approximated to be ∼9.3 pF/cm for well-insulated electrodes [6] .
In the model, Vs is the voltage of extracellular action potentials generated by a neuron during measurement. This voltage typically has a range between 50 and 500 μVpp with a rise time of ∼0.2 ms and a pulse duration of ∼1 ms [6] . V 2 nt accounts for all voltages arising from other neurons surrounding the measured neuron and these voltages are considered to be noise in single cell recordings. This background noise has been well documented in [57] and [58] . Based on the literature, this background noise has a frequency dependence of 1/f α (where α = 1.1 under normal conditions) and this noise is mainly dominated by frequencies below 300 Hz [57] . In optogenetic manipulations, light delivered by an optical fiber is attached adjacent to the recording metal electrode. Thus, light outputting from the optical fiber intended to illuminate the neurons will also unavoidably illuminate the metal electrode. This optical illumination on the metal electrode triggers a photoelectric effect to generate a sudden surge of small current [16] , [50] , [59] , [60] . The voltage generated by this small photoelectric current can be considered an electrical artifact of the measured neuronal signal and denoted as V 2 op in the model. Fortunately, this illumination noise can easily be separated from neural action potentials since the noise aligns well with the beginning and the end of optical illumination. The detailed characterization of this illumination noise can be found in the supplementary Appendix. Finally, the dominating noise of the entire model is the thermal noise V 2 Re generated from the leakage resistance Re. Due to the high value of Re, this noise is typically about a few tens of μVpp over the measurement bandwidth.
There are also other experimental noise sources that can play a factor in the model if not carefully eliminated. The 50/60-Hz power-line interference can also be described as a noise source V 2 p . The electrical insulation between the recording amplifier and the laboratory power line can be represented by an equivalent impedance Zp. Caution should be taken to electrically isolate the neural amplifier from the environmental noise as much as possible (maximizing Zp). For instance, a Faraday cage can be used to shield the amplifier and the experimental setup to minimize signal contamination. V 2 EL is the additional electrical noise caused by the current fluctuation affecting the amplifier when the optogenetic current driver is operating.
Useful IC design guidelines can be drawn from the noise model. To start, several less important noise sources can be removed from the model for simpler analysis. As mentioned, careful implementation of shielding around the experimental setup can reduce the power line noise V 2 p to a minimum. Metal Re remains as the dominant noise in the system. The SNR of the system can then be approximated to be
Derivation details of the above equation can be found in the supplementary Appendix. Two design guidelines can be subsequently drawn from the above equation: 1) the lower the input capacitance (or the higher the input impedance, where Z in = 1/j2πf C in ), the higher the SNR that can be obtained, and 2) if the input capacitance C in is much lower than C e of the electrode, i.e., C in 2C e → 0, the above equation can be further reduced to
Therefore, the amplifier should have an intrinsic noise of at least lower than half of the thermal noise V 2 Re to achieve an optimal SNR. For a metal electrode with a 3 MΩ impedance, the thermal noise at room temperature (300 K) with a 5-KHz measurement bandwidth is estimated to be V 2 Re ∼ = 18.2 μV rms . Therefore, the amplifier intrinsic noise should be designed to be lower than half this level. Fig. 2 illustrates the schematic diagram of the IC for an extracellular single-cell recording and simultaneous optogenetic control. The IC was designed and fabricated using the 0.18-μm CMOS processing technology of Global Foundries, Santa Clara, CA, USA. As described by the noise model, the input impedance of the recording amplifier should be designed to be as high as possible and also to have a low intrinsic noise to achieve a good SNR. In conventional neural amplifier designs, where high impedance electrodes were not used, a high gain CMOS amplifier serves as a first stage without optimizing the input impedance [61] . Without a high enough input impedance of the amplifier, the high impedance of the metal electrode will share the action potential voltage with the amplifier, leading to a reduced SNR. For this reason, a unity gain buffer was used in our design as the first amplifying stage to especially optimize for a high input impedance (9.7 pF), leaving the amplification to be handled by the second and third stage amplifiers. The disadvantage of adding a unity-gain amplifier to achieve higher input impedance is that the design sacrifices some power efficiency due to the additional power needed for the first stage. However, the increase in power consumption is negligible in most optogenetic experiments since the current driver consumes a much larger current (hundreds of mA).
IV. IC DESIGN AND EXPERIMENTAL SETUP
A. IC Design
A capacitor C1 was connected to two MOSFET transistors (M1 and M2), which were used as the two adjustable resistors, forming a high-pass filter to reject the dc half-cell potential Ej. The filter avoids the dc half-cell potential acting as a large offset overloading the amplifiers. Ref1 is an external contact point of which the resistance values of M1 and M2 can be adjusted by supplying an external voltage to fine-tune the cutoff frequency of the low-pass filter. The second contact point Ref2 serves as a bias voltage to set the operation point of the all three amplifying stages. The second-stage design was based on a low-noise and low-power operational transconductance amplifier and was used to amplify the input signal with a moderate gain [39] . The second-stage gain is adjustable by setting the ratio of the two resistors R2 and R1 and was optimally set to have a gain of 26 dB to prevent noise from surrounding neurons (Vnt) and power-line interference (Vp) saturating the amplifier. These two noises were subsequently filtered before the signal entering the third amplifier by a high-pass filter formed by C3 and R3. The third amplifier was finally implemented to have an overall gain of ∼51.5 dB to amplify the neural signal to a voltage level of ∼200 mVpp. Another unity gain buffer was used as the final power stage to provide an output current adequate to drive an analog-to-digital converter (ADC) for signal digitization at the output.
Two programmable p-channel metal-oxide semiconductor (pMOS) transistor arrays were designed to provide a combined maximum current of 330 mA to drive the optogenetic light source. The first and the second PMOS arrays can generate the maximum currents of 300 and 30 mA, respectively. Each of the PMOS arrays has a 4-bit digital input for adjusting the current outputs. The current resolutions for the first and the second PMOS arrays are 18.75 and 1.875 mA, respectively. The first benefit of having a two-stage current control is to allow a finer current adjustment for the optical output level. The second benefit is to improve the response time of the optical output. Due to the fact that the semiconductor laser diodes or LEDs have a negligible optical output before the driving current reaching a threshold, the temporal response of the optical output can be improved by using the first PMOS array to drive the light source slightly below the threshold to maintain a very low optical out- put, and by stepping the driving current above the threshold using the second PMOS stage, such that the optical power can be rapidly increased.
A photograph of the IC is shown in Fig. 3 and the dimensions of the IC are 2.9 mm × 1.6 mm including the nonessential testing circuit. The IC chip consists of two regions-an extracellular neural recording amplifier and a programmable laser/LED driver (two PMOS units). The neural recording amplifier and the laser/LED driver were positioned opposite each other at the two ends of the IC to minimize electrical interference to the recording amplifier when the laser/LED drivers are driving large currents.
Simulations of the amplifier performance (frequency response and input referred noise) were conducted using Cadence (an IC design software-Cadence Design Systems, San Jose, CA, USA) during the design phase to compare with the experimentally measured results. The frequency response of the amplifier was also experimentally measured using a dynamic signal analyzer (35670A, Agilent Technologies, Santa Clara, CA, USA) on the fabricated ICs.
The input impedance of our amplifier was measured using the method described in detail in [45] . In short, a 1 Vpp sinusoidal voltage with a sweep frequency from 1 to 5000 Hz was connected to a 10-MΩ resistor and the neural amplifier in series. The 10-MΩ resistor and the input capacitor of the neural amplifier form a low-pass filter, and the frequency response of this low-pass filter can be measured at the output of the unit gain stage. The 3-dB cutoff frequency of the frequency response curve was then used to calculate the input capacitance of the amplifier.
B. Optrode
An implantable "optrode" integrating a metal electrode and an optical fiber for simultaneous electrophysiology recording and optogenetic control were designed and fabricated. The optrode is intended to be used together with our custom IC as a complete package for animal neural recording experiments. A schematic diagram and the finished optrode are shown in Fig. 4 . The metal electrode (WEPT33.0B10, MicroProbes, Gaithersburg, MD, USA) was fabricated from tungsten and was isolated with a coating of polyimide with an opening of ∼5 μm at the tip. Because of the small tip opening, the impedance of the metal electrode is high and was measured to be ∼3 MΩ at 1 kHz. A 200-μm core diameter multimode optical fiber (FT200EMT, Thorlabs, Newton, NJ, USA) was glued to the side of the tungsten metal electrode. The tip surface of the optical fiber was carefully polished to minimize the optical loss by surface scattering. A 1.25-mm OD multimode ceramic zirconia ferrule (Precision Fiber Products, Milpitas, CA, USA) was used to encapsulate the fiber coupling end. A ceramic split sleeve was then inserted to couple laser light to the optical fiber. In addition, index matching gel (G608N3, Thorlabs, Newton, NJ, USA) was scribbled onto the fiber tip during the matching process to improve the coupling efficiency between the fiber and the laser. With this procedure, the optical fiber can achieve a coupling efficiency as high as 90%. To glue the optical fiber to the metal electrode, the metal electrode was placed under a dissecting microscope and the optical fiber was held by a threeaxis micromanipulator for precise positioning. The fiber tip was positioned around 100 μm above the tungsten metal electrode. This distance was used to ensure that the neuron under measurement was indeed illuminated by the optical radiation. The UV dental cement was then applied to secure all parts of the optrode. The overall light coupling efficiency was above 80% for the final assembled optrode, and the maximum optical power achieved at the output of the fiber was around 796 mW/mm 2 .
C. Experimental Setup for Testing the IC
To test the IC chip in simultaneous neural recording and optogenetic control, an in vivo electrophysiology system with audio stimulation was designed and used for our data collection. Fig. 5 is the block diagram of our in vivo animal auditory neuroscience setup. After the gerbil was positioned securely in the system, an optrode mounted on a micromanipulator (Inchworm controller 8200, EXFO Burleigh Products, Victor, NY, USA) was carefully . Experimental setup for simultaneous optogenetic inhibition and electrophysiological recordings from the brainstem of an anesthetized gerbil. The IC was connected to a data acquisition card (NI-DAQ) for signal digitization and laser power control. An isolation amplifier was used to isolate the neural amplifier from environmental noise. An audio signal processor (TDT) was used to generate a tonal signal to drive two speakers placed in the ears of the gerbil for auditory stimulation of the inferior colliculus.
driven into the brain. The manipulator has a linear resolution of 1 μm to locate neural targets. The tungsten metal electrode was then connected to the neural amplifier of the IC chip for signal amplification. A Faraday cage was carefully constructed around the experimental setup to reduce environmental interference. To reduce interference when large currents were used to drive the two audio speakers as described below, an isolation amplifier (ISO124, Texas Instruments, Dallas, TX, USA) was used to further isolate the amplifier from the subsequent electronics. The output of the isolation amplifier was then connected to a data acquisition card (NI USB-6341, National Instruments, Austin, TX, USA) for digitalization and the data were subsequently captured by a computer for further analysis. A Butterworth fourth order infinite impulse response band-pass filter (300 Hz-5 kHz) was applied to the digitized signal to filter the low-frequency noise originating from the remaining 50/60-Hz power-line interference. The data acquisition card also had several digital outputs which were connected to the laser/LED PMOS current drivers to control the supplying currents for the laser to generate light for optogenetic controls. To minimize the brain tissue damage due to continuous optical illumination, the laser/LED driver was programmed to have a maximum duration of fewer than 5 s. The laser on and off time were also recorded together with the recorded neural voltage by a custom control software written in LabVIEW (National Instruments, Austin, TX, USA). The firing rates of the action potentials were calculated using a custom Python program, in which a threshold was set to reject the noise floor to identify and isolate the clearly defined action potentials.
The statistical analysis of action potential firing was performed in Sigmaplot version 13 (Systat Software, San Jose, CA, USA). The following procedure was used to determine the statistical significance. To control the experimentwise error rate for a given outcome, a hierarchical or stepwise procedure based on the union-intersection principle was used [62] . The data were determined to be mostly nonparametric and therefore appropriate analyses for nonnormal data were used. A Kruskal-Wallis one way analysis of variance (ANOVA) on ranks was first performed to determine whether there were any differences within the three data groups (before, during, and after laser). If the Kruskal-Wallis ANOVA on ranks indicated differences (P < 0.05), Mann-Whitney U tests were used to make the pairwise comparisons.
The two multifield magnetic speakers (MF1, Tucker-Davis Technology, Alachua, FL, USA) were connected via tubes placed inside the ear canal of the gerbil. A single frequency tone was generated by an audio signal processor (RX6, TuckerDavis Technologies) and played through the two speakers. The details of the audio control can be found in [45] .
V. ANIMAL PREPARATIONS AND STEREOTACTIC NPHR VIRAL INJECTION
A. Animal Preparations and Viral Injection
All experimental procedures complied with all applicable laws and National Institutes of Health guidelines and were approved by the University of Colorado IACUC. All experiments were conducted in Mongolian gerbils (Meriones unguiculatus).
Animals were first anesthetized with a mixture of ketaminexylazine (60 mg/kg-5 mg/kg), and a maintenance dose (25 mg/kg-5 mg/kg) was given following the complete anesthesia to maintain the anesthetized state. Once the animal was properly anesthetized, the fur over the skull was shaved off and the underlying skin was sanitized with ethanol. Skin and muscle overlying the skull were cut away and a craniotomy was made in the skull at 1.2 mm lateral and 1.2 mm posterior of lambda using a dental drill. A screw was also placed in the skull over the forebrain with a gold connector as a ground source. The coordinates used here allowed accesss to both brain regions we recorded from (inferior colliculus and fifth nerve). The optogenetic NpHR virus (AAV9.hSyn.eNpHR3.0-eYFP.WPRE.hGH) was injected into the brain. Four injections of 69 nL were made at 3.5 mm deep followed by three injections at 3.0 mm deep for a total virus infection of 483 nL using a Nanoliter injector (World Precisions Instruments, Sarasota, FL, USA). The skin over the skull was then sutured and the animal was given four buprenorphine injections (0.1 mg/kg) every 12 h over 48 h to aid in recovery and analgesia. The animal then incubated the virus for 48 d before the experimental measurements.
B. Histology to Confirm Injection and Recording Sites
The following procedure was used to confirm that virus and optrode were targeted to the desired brain areas. After all the electrophysiological and optogenetic experiments were concluded, the animal was given an overdose of pentobarbital (0.03 mL/g) and perfused transcardially with phosphate buffer solution and 4% paraformaldehyde (PFA). Once the perfusion was complete, the brain was removed and placed into 4% agar. The brainstem and cerebellum were then sliced coronally in 100 μm sections using a vibratome (Leica VT 1000 s, Nussloch, Germany). The sections were then stained with a 1:100 concentration of NeuroTrace Nissl stain (ThermoFisher, Waltham, MA, USA, 435/455 blue fluorescent Nissl stain) diluted in antibody solution [63] . The brain slices were then mounted on slides with Fluoromount-G (Diagnostic BioSystems, Pleasanton, CA, USA) and imaged with an Olympus FV1000 (Tokyo, Japan) confocal microscope using the laser lines of 405 and 488 nm to image the Nissl (cell body indicator) 
VI. EXPERIMENTAL RESULTS
A. Electrical Characterization of the Amplifier
Several measurements on the amplifier of the IC were conducted to characterize the electric performance of the amplifier. The frequency responses of the simulated (red) and experimentally measured (black) results in both amplitude and phase are shown in Fig. 6 . The amplifier gain was measured to be ∼51.5 dB in the passband and the 3-dB bandwidth of the amplifier was from 114 Hz to 14.62 kHz. The gain of ∼51.5 dB was selected in the design phase to be large enough to measure the small neural signals. The typically extracellular neural spikes are in the order of hundreds of microvolts peak to peak, depending on the location of the electrode relative to the neuron, as well as the type of neuron. With this in mind, the design criterion was set to amplify neural voltages as low as 50 μVpp. A 51.5 dB gain will allow the amplification of the 50 μVpp to 18.35 mVpp, which is ∼60 times bigger than the binning resolution (0.3 mV) of a typical 16-bit ADC. As shown in Fig. 6 , there is only a small discrepancy between the experimentally measured and the simulated frequency responses and this discrepancy is likely due to the expected manufacturing variations. To ensure that the manufacturing variations would not turn into performance instability, we performed a Monte Carlo simulation during the design phase to vary all the design parameters to ensure these small changes in the manufacturing process would not alter the overall performance of the amplifier.
The experimentally measured (black) and the simulated (red) input referred noises of the neural amplifier are shown in Fig. 7 . The noise was integrated between 300 and 5000 Hz, which covers the main frequencies of action potentials. Both simulated and experimentally measured noises were found to be 3.56 and 4.57 μVrms, respectively. The measured noise is 28% higher than the simulated noise and this difference is caused by the higher estimated resistances of the two input transistors M1 and M2 in the simulation. At this noise level, a minimum SNR of 2 can still be achieved for a 50 μVpp neural spike. The input capacitance of the amplifier was measured to be 9.7 pF. The comparisons of the neural amplifier to other amplifiers can be found in the supplementary Appendix.
B. Animal Testing of Single Cell Extracellular Recording and Optogenetic Inhibition
To test the performance of the high input impedance neural amplifier under experimental conditions, in vivo extracellular neural measurements were performed to record the action potentials of an anesthetized gerbil. Fig. 8(a) plots a train of extracellularly recorded action potentials that were obtained when the electrode was placed in the inferior colliculus, an auditory signal processing brain area. Tones with a sound frequency of 4520 Hz and an ON duration of 200 ms and an OFF duration of 300 ms were presented to the ears of the gerbil via the speakers. Since the inferior colliculus is part of the auditory signal processing circuit in the brain [64] , [65] , neurons within the inferior colliculus sensitive to the sound frequency played to the ears will only fire action potentials when the sound stimulus is played [66] - [68] . Our recordings of neural activity shown in Fig. 8(a) reflect the occurrence of the neural spikes (measured spiking rate = 61.7 Hz) that correlated well with the sound stimulation. Fig. 8(b) shows a zoomed-in plot of a typical extracellular action potential measured in this experiment. The action potential has a 219 μVpp amplitude and a 0.69 ms duration. The background noise during the nonfiring period was estimated to be 33 μVpp. Thus, the SNR of the measured neural spike is ∼6.6, which is sufficient for in vivo neural experiments. The IC has the capability of simultaneously recording extracellular action potentials and at the same time delivering light to the optrode, thereby manipulating the neural activity with optogenetics. We demonstrated this unique functionality by inhibiting action potentials in neurons of the fifth nerve in the brainstem. In this experiment, the brainstem of the gerbil was injected with NpHR virus, and the animal recovered from the surgery and incubated the virus for several weeks. An optrode was later positioned in the same area for optogenetic manipulation. The animal was anesthetized, and the neural firing was confirmed through the output of the IC. Then, the optical illuminations of 3 s duration were delivered through the optical fiber of the optrode to the brainstem to activate optogenetic proteins and thereby inhibit the action potential firing. Fig. 9 shows a 10 s recording of neural responses in the brainstem recording site, with a 3 s "laser on" silencing epoch. The firing rate of neural spiking were observed to be significantly reduced (p < 0.001, ANOVA on ranks, and Mann-Whitney U test) during the laser illumination epoch, and the action potential firing recovered after optical illumination was ceased. By contrast, the amplitude of the action potentials was not changed during laser illumination (111.2 ± 15.1, 109.5 ± 12.8, and 123.3 ± 14.5 μV for the first, second, and Fig. 9 were stacked together temporally. The calculated average spike (red) was also shown for comparison. The similar shape of the spikes indicates that the recorded spikes were originated from the same neuron.
third epoch). This is not unexpected because the action potentials are all or none events. From the raw recording trace shown in Fig. 9 , action potentials fired by a single neuron were extracted by Wave_Clus software [69] , [70] . Fig. 10 shows the 2098 spikes (blue) fired by a single unit that was isolated from the recording trace, stacked on the top of each other. The average waveform is plotted in red. All the spikes have a very similar shape, which follows a typical extracellularly recorded action potential. This indicates that all the recorded action potentials are originated from the same neuron. The 10 s recording with intermittent light stimulation protocol was repeated nine times and all nine trials showed similar silencing and recovery responses during and after optical illumination. Fig. 11(a) is a raster plot showing action potential firing during the 10 s recording period for all nine trials, and t = 0 and t = 3 s were aligned to the time when the laser is turned ON and OFF, respectively. Fig. 11(b) shows the calculated average firing rate per 100 ms time bin. Before the optical illumination at t < 0, the average firing rate was calculated to be 25.4 ± 4.6 Hz. After optical illumination to inhibit the neuronal firing, the average firing rate dropped to 15.6 ± 2.5 Hz in the first second and was stable at 7.5 ± 2.3 Hz between 1 < t < 3 s; thus, the inhibition rate is 3.4. After the optical illumination stopped at t > 3 s, the firing rate recovered to 24.8 ± 4.2 Hz immediately. All nine trials showed the same inhibitory response of action potentials, as represented by the raster plot in Fig. 11 .
C. Histology Confirmed the Anatomical Location of the Recording Site
After the conclusion of the electrophysiological and optogenetic experiments, each gerbil was sacrificed and transcardially perfused with paraformaldehyde. The brain was extracted and sliced with a vibratome. The brain slices containing the inferior colliculus and brainstem were imaged under a confocal microscope to confirm the optogenetic expression and the optrode placement. Fig. 12 shows the viral expression at the recording site. There is high NpHR expression near the recording site as indicated by yellow fluorescence. This indicates that the action potential inhibition was likely caused by the NpHR. The recording site for this experiment was confirmed with the help of a gerbil brain atlas [71] to be the fifth nerve of the brainstem.
VII. DISCUSSION
In this paper, we present the design of a single monolithic IC, which consists of a high-impedance and low-noise neural amplifier for extracellular in vivo recording and an adjustable current driver for simultaneous optogenetic stimulation or inhibition. In addition, we have demonstrated the capability of the IC by simultaneously recording and optogenetically inhibiting neurons in the gerbil brainstem. Specifically, spontaneous neural spiking of the fifth nerve in the brainstem of anesthetized gerbils was successfully recorded in vivo and at the same time inhibited 3-4 fold by optical illumination. The simulations and experimental measurements were also performed to confirm that the neural amplifier has a good SNR of at least 6.6, adequate for extracellular in vivo neural recording. The high current LED/laser driver can produce a maximum current of 330 mA capable of driving a 50-mW 532-nm laser for optogenetic neural inhibition.
It is technically more challenging to inhibit than to excite action potentials because of the higher optical intensity required for optogenetic inhibition (∼50 versus ∼10 mW/mm 2 ).
Therefore, action potential stimulation should in principle be possible if not technically easier using the same IC, changing the illumination laser source to ∼480 nm wavelength and injecting ChR virus to the animals-although we did not explicitly demonstrate this in this study. The noise performance of our amplifier design is on par with other state-of-the-art neural amplifier designs (the input referred noise in one particular design is 4.13 μVrms [35] ). Comparatively, the measured input referred noise of our design is V 2 A = 4.57 μV rms , which is very close to those of the others. The input referred noise of our design is also much lower than the estimated thermal noise ( V 2 Re ∼ 18.2 μV rms ) of the 3-MΩ metal electrodes over a 5-kHz bandwidth. In addition, our amplifier has a low input capacitance optimized for extracellular neural single cell recordings, in contrast to other designs, which are optimized for measuring the local field potential or multiple cell firing. The input capacitance of the amplifier is measured to be 9.3 pF, which is much lower than the typical electric double layer capacitor of a metal electrode (Ce ∼ 50 pF) [6] . These two parameters satisfy the two requirements in the noise model analysis that: 1) C in C e and 2) V
Re /2. Therefore, the measured ∼33 μVpp noise can be attributed to be mostly dominating by the thermal noise of the metal electrode, which is the fundamental limiting factor of noise in the electrophysiological recording.
The main goal of the current design is to demonstrate the possibility of combining neural recording and optogenetic control in a single IC; therefore, only a single recording amplifier and a single current control unit were integrated into the current design. Current trends in neuroscience research, however, may require the use of multichannel recording and optogenetic control to record the neural activity at several different brain regions to test various hypotheses of brain signal processing. In light of this, we are currently working on expanding and improving on our current design to incorporate the multichannel capability in both recording and optogenetic controls. This type of effort requires a good circuit design skills, understanding of electrode designs, light delivery, brain surgery techniques, and mechanical mounting of the system to successfully design an entire instrumentation package.
Currently, the IC is sourced by an external power supply connected to a wall electrical outlet. That is because the laser used in the current design demands a high driving current from the IC. To reduce the power consumption, LEDs can be directly integrated to neural probes for optogenetic controls. The broad absorption spectrum of optogenetic proteins allows the use of LEDs instead of lasers with minimal reduction in activation efficiency [72] , [73] . We estimated that by replacing the highly energy inefficient lasers with an LED will allow the IC to operate for several hours powered by a small lithium polymer battery. This time duration is long enough for many behavioral neuroscience experiments.
Better design strategies can be implemented to reduce the laser/LED illumination noise, which is partially caused by a sudden high current demand to the power supply. Thus, a larger capacitor can be installed to the rail voltage to help reduce this noise. In addition, the better IC layout strategies can be implemented to better isolate the neural amplifier from the PMOS arrays.
To the best of our knowledge, there are no previous attempts in the literature where neural recording is combined with optogenetic control in a single monolithic IC. This combination may allow the new experimental designs to answer the neuroscience problems previously difficult to answer, or to allow new treatments of neural disorders in the future. For instance, abnormal neural firing just before the onset of epileptic seizures can be detected and countered via an optogenetic intervention [74] - [76] . In addition, we are currently working to add a wireless data communication module, a miniaturized LED light source, and a small and lightweight battery to our current design to create a "backpack" for small rodents. This "wearable" device will allow neuroscientists to conduct an electrophysiology recording on animals for long-duration behavioral studies, and also allow manipulation of the neural circuits in real time.
VIII. CONCLUSION
In this paper, we have designed, fabricated, and tested a single monolithic IC to perform simultaneous optogenetic neural inhibition and extracellular electrophysiological recording on a gerbil in vivo. A low input capacitance (9.7 pF) amplifier particularly tailored for the use of high-impedance electrodes to conduct single neuron extracellular recording was integrated with programmable high current drivers for optogenetic stimulation or inhibition on the same IC chip. A noise model was derived including electronic interferences generated during optogenetic control. The noise model was then used to guide the IC design process to obtain parameters for optimal SNR. The performance of the IC chip was demonstrated on an anesthetized gerbil expressed with inhibitory optogenetic protein (Halorhodopsin). The spontaneous action potentials from the fifth nerve of the brainstem were recorded by the amplifier and were subsequently inhibited by laser illumination. This IC facilitates the neuroscience research and neural engineering applications in an entirely new direction and can potentially be used in the treatment of human neural disorders in the future.
